Human immunodeficiency virus type 1 (HIV-1) group N from Cameroon is phylogenetically close, in env, to the simian immunodeficiency virus (SIV) cpz-gab from Gabon and SIVcpz-US of unknown geographic origin. We screened 29 wild-born Cameroonian chimpanzees and found that three (Cam3, Cam4, and Cam5) were positive for HIV-1 by Western blotting. Mitochondrial DNA sequence analysis demonstrated that Cam3 and Cam5 belonged to Pan troglodytes troglodytes and that Cam4 belonged to P. t. vellerosus. Genetic analyses of the viruses together with serological data demonstrated that at least one of the two P. t. troglodytes chimpanzees (Cam5) was infected in the wild, and revealed a horizontal transmission between Cam3 and Cam4. These data confirm that P. t. troglodytes is a natural host for HIV-1-related viruses. Furthermore, they show that SIVcpz can be transmitted in captivity, from one chimpanzee subspecies to another. All three SIVcpz-cam viruses clustered with HIV-1 N in env. The full Cam3 SIVcpz genome sequence showed a very close phylogenetic relationship with SIVcpz-US, a virus identified in a P. t. troglodytes chimpanzee captured nearly 40 years earlier. Like SIVcpz-US, SIVcpz-cam3 was closely related to HIV-1 N in env, but not in pol, supporting the hypothesis that HIV-1 N results from a recombination event. SIVcpz from chimpanzees born in the wild in Cameroon are thus strongly related in env to HIV-1 N from Cameroon, demonstrating the geographic coincidence of these human and simian viruses and providing a further strong argument in favor of the origin of HIV-1 being in chimpanzees.
Human immunodeficiency virus type 1 (HIV-1) groups M, N, and O are considered to result from at least three independent introductions of simian immunodeficiency virus (SIV) cpz from chimpanzees into the human population (23) . Four subspecies of chimpanzees are currently recognized: Pan troglodytes verus and P. t. vellerosus in West Africa, P. t. troglodytes in Central Africa, and P. t. schweinfurthii in East Africa (6, 17) . The three SIVcpz viruses so far fully characterized originate either from P. t. troglodytes (SIVcpz-gab1 and SIVcpz-US) or from P. t. schweinfurthii (SIVcpz-ant) (4). SIVcpz-ant was isolated in former Zaire (19) and does not cluster within HIV-1 group M, N, or O (4). The closest relatives of HIV-1 have been found in P. t. troglodytes, and it has been suggested that this subspecies is the primary reservoir of HIV-1 (4). SIVcpz-gab1 was thus isolated from a wild P. t. troglodytes chimpanzee caught in Gabon (20) , and is particularly related to HIV-1 N in env (23) . The more recently characterized SIVcpz-US, from a P. t. troglodytes born in 1959 in an unknown Central African country, is even more closely related to HIV-1 N in env (4) . It has been suggested that HIV-1 N arose through ancient recombination events between SIVcpz-US-related viruses and other SIVcpz strains in P. t. troglodytes, and subsequent transmission to humans (4) . If this is so, SIVcpz viruses phylogenetically strongly related to HIV-1 group N might circulate in the same geographic area as group N viruses. All HIV-1 N viruses so far isolated originate from Cameroon (23) . However, it is not known whether chimpanzees from Cameroon harbor SIVcpz viruses or whether these viruses are related to HIV-1. In addition, Cameroon is a major epidemiological center of group O viruses, but SIV clustering with group O (or group M) has not been identified yet. This prompted us to screen wild-born chimpanzees from Cameroon in order to look for HIV-1-related viruses in these apes.
The serological survey involved 29 wild-born chimpanzees that were rescued throughout Cameroon. All animals were screened with HIV-1 New Lav Blot kits (Sanofi-Pasteur, Paris, France). Three animals, Cam3, Cam4, and Cam5, were HIV-1-seropositive by Western blotting (data not shown). These chimpanzees were recovered in three distinct regions of Cameroon. Cam3 was found in 1992 in a village near the southern border with Gabon. Cam4 was rescued in 1992 in the southwestern province, near the border with Nigeria. Cam3 and Cam4 had estimated ages of 1 year and 2.5 years, respectively, at the time of rescue. They were housed together, first as pets and then, after November 1993, in the same enclosure at the Wildlife Rescue Center in the southwestern province. Cam3 died suddenly in 1998 with subacute pneumonia. Cam4 remained healthy, apart from episodes of fever and diarrhea. Cam5 was recovered in 1998 in the central province of Cam-eroon at an age of less than 1 year, and was housed at Yaoundé Zoo. The mother was killed by hunters. Cam5 rapidly died with diarrhea after arriving at the zoo, and all the samples were obtained postmortem. None of the clinical signs observed in the animals could be associated with an acquired immunodeficiency syndrome.
The sera of Cam3, Cam4, and Cam5 were further tested with a peptide-based enzyme immunoassay (EIA) (15) . All three showed strong cross-reactivity with SIVcpz-gab and HIV-1 N peptides (Table 1) , a pattern resembling that observed for sera from HIV-1 N-infected patients (23) . The Cam5 serum was also strongly reactive with an HIV-1 group M Env peptide, possibly on account of the young age at sampling (26) .
Virus isolation was attempted by means of coculture with phytohemagglutinin-stimulated human peripheral blood mononuclear cells (PBMC) from HIV-negative blood donors (23) . Virus production was detected after 9 days of culture in each case, confirming that all three chimpanzees were infected.
For Cam5 it was clear that the infection occurred in the wild since the sampling was performed immediately after its arrival at the zoo. Cam3 and Cam4 were, however, housed in the same enclosure for 5 years before being tested. We therefore sequenced both a highly conserved fragment (178 bp of the integrase region in pol) and a variable genomic region (1,332 bp in env) of SIVcpz-cam3 and SIVcpz-cam4, in order to determine their nucleotide diversity. SIVcpz-cam3 DNA was amplified from genomic DNA of 9-day PBMC cultures. Two long, overlapping fragments were separately amplified. The primers LSiGi-forward (positions 534 to 562 in SIVcpz-gab [23] ) and ZRT6-reverse (5Ј-ACCTGCCATCTGTTTTCCATAATC-3Ј; positions 5099 to 5121) were used to amplify the 5Ј half, and ZRT4 (5Ј-AAAAGAAAAGGGGGGATTGGGGGGTACA-3Ј; positions 4846 to 4873) and LSiGi-reverse (23) were used to amplify the 3Ј half. Five microliters of the primary PCR product was submitted to a secondary PCR amplification with the following primer sets: LSiGi-forward and YRT1 (5Ј-GTA TTITTATGGATTTTCIGGICCTATT-3Ј), LPBS (23) and ZRT6, ZRT4 and SK68 (5Ј-CCATAGTGCTTCCTGCTGC-3Ј), and ENV (5Ј-ATTCCIATACAITATTGTGCICCAGC-3Ј) and ZU3Ј (5Ј-ACAGGCAGAAAGCAGCTGCTTATAT GCA-3Ј). Cycling conditions using a long PCR procedure (Elongase; Gibco-BRL) comprised a hot start (5 min at 94°C), then 35 cycles of denaturation (94°C for 30 s), annealing (55°C for 40 s), and elongation (68°C for 8 min), followed by a final elongation step (68°C for 2 to 7 min). PCR products were purified and directly sequenced by using the ABI PRISM Big Dye Terminator Cycle Sequencing Ready Reaction kit with AmpliTaq FS DNA polymerase (Perkin-Elmer, Norwalk, Conn.) and an automated DNA sequencer (ABI-377A; Applied Biosystems). Serial SIVcpz-cam primers were synthesized to walk along the genomic fragments. For SIVcpz-cam4, genomic DNA from noncultured PBMC was used for PCR. The pol fragment was amplified with the Hpol primer set (3), and the env fragment was amplified by using ZRT6 sense and ZU3Ј as the outer primers and V3SJ (5Ј-GCCAATTCCAAT ACATTACTGTGC-3Ј) and ENVas (5Ј-TATGTCAAACCAA TTCCA-3Ј) as the inner primers.
We found very strong nucleotide identity between SIVcpzcam3 and SIVcpz-cam4 (96.6 and 95.8% in pol and env, respectively), indicating that one of the animals had been infected by the other in captivity. The serum of Cam3 showed strong reactivity against all viral proteins in the Western blot assay, whereas the serum of Cam4 showed only weak reactivity, especially against the Pol and Env proteins (data not shown), a situation typically encountered in recent seroconvertors (10) . These data suggested that it was Cam3 that was infected in the wild and that infected Cam4 in captivity. They demonstrate that captive chimpanzees can be infected by SIVcpz, and that they can transmit SIV to other animals in the colony.
As the chimpanzees' sera showed strong serological crossreactivity with HIV-1 peptides, in particular group N but also group M peptides, we also compared the SIVcpz env sequences with those of HIV-1 M, N, and O. Previously described SIVcpz env sequences (4, 8, 27) were included in the comparative analysis. We used the same 1,332-bp env sequence used to study the relationship between SIVcpz-cam3 and SIVcpz-cam4, because it spans the regions coding for the V3 and gp41 peptides used in the EIA test. In addition, we determined the corresponding env sequence of the third chimpanzee (SIVcpz-cam5). The env fragment of SIVcpz-cam5 was amplified from genomic DNA of 9-day PBMC cultures with the same conditions as those used for SIVcpz-cam4. Amino acid sequences were aligned with the CLUSTAL W program to find the largest common overlap, and were then multiply aligned by the hidden Markov model in the SAM software package (9, 14) . The shortest amino acid alignments with the fewest gaps were preferred and were corrected manually. The alignments were then backtranslated into codons by using the original nucleotide sequences. Phylogenetic analyses were based on both codon-based nucleotide and amino acid alignments. Trees were constructed by the neighbor-joining method (21) as implemented by the CLUSTAL W program (25) . Multiple substitutions were corrected by the Kimura method (13) . Tree topologies were also inferred by using the Fitch-Margoliash, maximum parsimony, and maximum likelihood methods with the FITCH, DNAPARS, and DNAML modules of the PHYLIP software package, respectively (2). Trees were also inferred by the maximum likelihood method implemented in PAUP4 (24) . The empirical nucleotide frequencies were used, and transition-to-transversion ratios were set to 1.49, 1.5, and 2.2 for env, gag, and pol, respectively. Substitution rates were assumed to follow a gamma distribution with shape parameters estimated by maximum likelihood. The gamma distribution shape parameters were estimated to be 0.81, 0.55, and 0.46 for env, gag and pol, respectively. We used the Hasegawa-Kishino-Yano evolutionary model with rate heterogeneity (7) . Estimating separate substitution rates for each position in the codon yielded significantly decreased likelihood values.
All three Cameroonian SIVcpz sequences clustered with SIVcpz-US and the HIV-1 N prototype strain YBF30 (Fig. 1a) . The phylogenetic relationship with HIV-1 N was supported by a remarkably high bootstrap value (99%). None of the three Cameroonian sequences was clearly related to HIV-1 M or HIV-1 O. Interestingly, SIVcpz-cam3 and SIVcpz-cam5 were only slightly more closely related to each other than to SIVcpz-US, even though the latter had infected its host nearly 40 years earlier (4). We then analyzed the full-length genome (9,155 bp) of one Cameroonian SIVcpz virus (SIVcpz-cam3) by using the sequence approach described above. The SIVcpz-cam3 genome displayed the genomic organization typical of SIVcpz and HIV-1. Analysis of deduced amino acid sequences indicated that all the genes studied potentially encoded functional proteins. The highest nucleotide identity was always observed with SIVcpz-US (83% in pol and 76% in env). Phylogenetic analysis based on the entire gag, pol, and env genes confirmed the clustering of SIVcpz-cam3 and SIVcpz-US throughout their genomes ( Fig. 1 and data not shown) . These data demonstrate that viruses closely related to SIVcpz-US are currently circulating in wild-living chimpanzees in Cameroon.
The nucleotide identities of SIVcpz-cam3 with HIV-1 N and SIVcpz-gab were also high (respectively, 79 and 80% in pol and 73 and 69% in env). We therefore scanned the HIV-1 N genome with the recombinant identification program (Fig. 2 and data not shown). Significant similarity, as indicated by sites with statistical confidence above 90%, was observed between HIV-1 N YBF30 and SIVcpz-cam3 in two short stretches in gag (99 sites in total), a 300-bp region in vif, a short region in 5Ј env (V2, 130 bp), and a long fragment in 3Ј env (1,210 bp). A long stretch of significant homology was therefore found only in env. The regions of higher identity are visualized in the similarity plot (Fig. 2) . Phylogenetic analysis based on the entire env gene confirmed the clear clustering of SIVcpz-cam3 with HIV-1 N YBF30, with a highly significant bootstrap value (100%) (Fig.  1b) . SIVcpz-cam3 and HIV-1 N YBF30 branched together with the same high bootstrap value (100%) in the trees based on the amino acid sequences of env (data not shown). The bootstrap value for gag was lower (82% with the codon-based nucleotide alignment and Ͻ50% with the amino acid alignment [data not shown]). No such clustering was observed for pol (Fig. 1c) ; indeed, HIV-1 N YBF30 rather formed an independent branch closely related to HIV-1 M, as previously reported (23) . The clustering of HIV-1 N with group M viruses in pol is supported by highly significant bootstrap values in the trees based on both nucleotide alignment (99%, Fig. 1c ) and amino acid sequence alignment (98% [data not shown]). The different branching orders of HIV-1 N observed according to the gene analyzed could be explained by ancestral recombination events as previously suggested (4, 12) .
Since two distinct chimpanzee subspecies are present in Cameroon (6, 17), we determined the subspecies of Cam3, Cam4, and Cam5 by mitochondrial DNA (mtDNA) sequence analysis. DNA of the mitochondrial control region (D loop) was amplified from uncultured PBMC of Cam3 and Cam4. Previously described primers (1) were used for PCR amplification and sequence determination of the PCR product. For Cam5, only genomic DNA from a 9-day coculture of chimpanzee PBMC with human PBMC was available. We therefore designed primers that specifically amplify either human or chimpanzee mtDNA. For amplification of chimpanzee mtDNA we designed the primers mtcpzs (5Ј-CCTAAGTATTGGCTT ATTCATT-3Ј) and mtcpzas (3Ј-CTATCTGAGGGGGGGCA TCCG-3Ј). Human mtDNA was amplified as a control with the primers mthums (5Ј-CCCAAGTATTGACTCACCCATC-3Ј) and mthumas (5Ј-CTATCTGAGGGGGGTCATCCA-3Ј).
Phylogenetic analysis of mtDNA from the three source chimpanzees in our study showed that two animals (Cam3 and Cam5) belonged to P. t. troglodytes (Fig. 3) . The third seropositive chimpanzee (Cam4) did not cluster with P. t. troglodytes but with the P. t. vellerosus lineage (Fig. 3) . This classification of Cam4 based on the mtDNA sequence fits with the geographic origin of the chimpanzee (Southwest Cameroon). This is the first time that a West African chimpanzee has been shown to be infected by SIVcpz. Serological and genetic analysis suggest that Cam4 was infected by Cam3 in captivity, although we cannot totally exclude that the virus crossed from Cam4 to Cam3. It is the first documented case of cross-subspecies transmission of SIVcpz in captivity. As both apes were males, transmission might have occurred through biting, a com- (22) . The search was made in windows of 400 bp, with a threshold of 90% for statistical confidence; gaps were stripped. Similarity plots were obtained using a codon-based alignment of concatenated full-length gag, pol, and env nucleotide sequences. The background alignment included SIVcpz-cam3 (black), SIVcpz-US (red), SIVcpz-gab (green), HIV-1 group M subtype B HXB2 (purple), and HIV-1 group O ANT70 (blue). The x axis shows the nucleotide position along the alignment. The y axis indicates the similarity index between the viral nucleotide sequences (0.1 ϭ 10% similarity). mon route of lentivirus transmission in animals (18) , and not by sexual contact. These data also confirm that P. t. troglodytes is a natural host of HIV-1-related viruses, since Cam5, and maybe also Cam3, was infected in the wild (4). Both animals were captured at a very young age, as were all four other SIVcpzinfected chimpanzees reported in the literature (4, 19, 20) . As two of the 29 infants tested here were apparently infected in the wild, the seroprevalence of SIVcpz in free-living adult chimpanzees may indeed be higher than previously assumed (4) .
An important implication of this study is that the area of HIV-1 N endemicity coincides with the natural habitat of chimpanzees carrying HIV-1 N-related SIVcpz, providing the most persuasive evidence that SIVcpz is the evolutionary ancestor of HIV-1.
The similarity between SIVcpz from P. t. troglodytes and HIV-1 N was, however, only seen in env. HIV-1 N therefore most likely resulted from an ancestral recombination event between viruses related to SIVcpz-cam/US and HIV-1 M (4). The recombination probably occurred in a chimpanzee (4), although one cannot entirely exclude the possibility that it occurred in a human. Only the discovery of such a recombinant virus in chimpanzees or of an HIV-1 N virus related to SIVcpzcam/US throughout its genome can settle the matter. Additional HIV-1 N and SIVcpz sequences are needed to determine in which species and where exactly in the genome recombination took place.
HIV-1 groups M, N, and O are all circulating in Cameroon (16) . It is therefore surprising that all Cameroonian SIVcpz sequences so far identified show a particular relationship with HIV-1 N, but not with HIV-1 M, as the latter has a considerably higher prevalence than N and O in Cameroon (16) . It is also surprising that none is related to HIV-1 group O, as Cameroon is currently the epidemiological center of this group (16) . The possibility that HIV-1 derives from species other than chimpanzees is unlikely, but it cannot be totally ruled out. Another explanation might be that group M-and group Orelated viruses no longer exist in chimpanzees. Studies of wildborn chimpanzees are too limited to exclude, however, the presence of HIV-1 M-or O-related viruses in animals of other geographic regions or in subspecies distinct from P. t. troglodytes. The existence of divergent viruses (SIVcpz-gab and SIVcpz-cam/US) within chimpanzees of the same subspecies (P. t. troglodytes) but from distinct geographic origins, as well as the presence of the highly divergent SIVcpz-ant in another subspecies of East Africa (P. t. schweinfurthii), indicates indeed that chimpanzees in Eastern and Central Africa may harbor a broad spectrum of SIVcpz-type viruses. West African chimpanzees might harbor SIVcpz as well. Indeed, we report here (4, 6, 17) . The three chimpanzees of this study together with the four other chimpanzees reported to carry SIVcpz (4, 11, 19, 20) are boxed. Brackets on the right indicate chimpanzee subspecies as previously proposed (6, 17) . on a case of cross-subspecies transmission between a Central and a West African chimpanzee in captivity. As both subspecies occur in Cameroon, it is easily conceivable that such transmissions occurred in the past between wild animals.
Although HIV-1 group M-and O-related viruses have not been identified yet in chimpanzees (or in any other nonhuman primate species), these African apes are clearly the best candidates for explaining the origin of HIV-1. HIV-2, as is generally agreed, originates from SIVsm present in a West African nonhuman primate, the sooty mangabey (5). The ancestors of SIVcpz and SIVsm, in contrast, are still totally unknown. The reservoir of SIVcpz and SIVsm (if it still exists) would be a further key to understanding the origin of these primate lentiviruses.
In conclusion, we demonstrate that SIVcpz and closely related HIV-1 viruses currently cocirculate in both wild chimpanzees and humans from the same geographic area, providing a further step towards the missing link between HIV-1 and related viruses in nonhuman primates.
Nucleotide sequence accession numbers. SIVcpz-cam sequences have been deposited at the GenBank database under accession no. AF115393 to AF115395 and AF135498. Mitochondrial sequences of Cam3, Cam4, and Cam5 have been deposited at the GenBank database under accession no. AF13495 to AF135497.
